The gracile axonal dystrophy (gad) mice are known to have a deletion within the gene encoding ubiquitin carboxy-terminal hydrolase-1 (Uch-L1) and show hereditary sensory deterioration and motor paresis. Expression of Uch-L1 is reported to be almost limited to the nervous system and testis. To understand whether Uch-L1, one of the major ubiquitin carboxy-terminal hydrolase (UCH) isozymes in the testis, affects spermatogenesis and other UCH isozymes (Uch-L3, L4 and L5) expression in the testis, we compared the testis between gad, hetero and wild type mice by histological, immunohistochemical analyses and RT-PCR. Histological analysis in 25-week-old gad mice showed shrinking of seminiferous tubules, decreasing total number of cells and enlargement of remaining cells in seminiferous tubules. By immunohistochemistry, a significant decrease (p<0.05) in the number of proliferating cell nuclear antigen (PCNA) positive cells was observed. Expression of other UCH isozyme mRNAs was not apparently affected by Uch-L1 deficiency in 25-week-old gad mice. This study is the first report on the testis of gad mutant mouse.
Introduction
The ubiquitin pathway has been implicated in the regulation of a wide variety of cellular function and one of its major functions is its involvement in the degradation of intracellular protein [4] . Ubiquitin-me- [2, 14] . Mutations within ubiquitin enzymes have revealed distinct phenotypes due to either substrate specificity or particular spatial and temporal expression pattern of the enzymes.
Analysis of the gracile axonal dystrophy (gad) mutant mice uncovered another example of an ubiquitin pathway enzyme being involved in neurodegeneration. Predominant neural loss, deposition of amyloid β-protein and accumulation of abnormal protein were observed in the gracile tract. This mutant mouse also showed hereditary sensory deterioration and progressive degeneration of motor nerve terminals. This degeneration process is unique to the nervous system and is thought to underlie human neurodegenerative diseases [13] . Saigoh et al. [16] found that the gad mutation is caused by an in-frame deletion encompassing exons 7 and 8 of Uch-L1 that encode the ubiquitin carboxy-terminal hydrolase (UCH) isozyme which is selectively expressed in the nervous system and testis.
Uch-L1 has been known to release ubiquitin from its ligand protein [21] . It is likely that loss of Uch-L1 hydrolase activity induces quantitative and qualitative changes in the ubiquitin pathway. Immunohistochemical studies have shown that the Uch-L1 protein is localized in both spermatogonia and Sertoli cells in the testis [7] , and in the epididymis and vas deferens [3, 12] . However, the functional roles of Uch-L1 protein and the site of ubiquitination have not been established in the reproductive organs.
In mammals, at least four isozymes of UCH class have been biochemically identified and they share homology with amino acid sequences in surrounding residues critical for enzymatic activity [20] . Both Uch-L1 and Uch-L3 are looked upon as main isozymes to maintain pools of monomeric ubiquitin necessary for proteolysis [10, 20] . Although Uch-L3 was detected in all tissues analyzed including brain and testis [9] , Uch-L1 was detected only in the nervous system and testis.
Uch-L1 is expressed highly in the mature neuron and testis [21] . There are a lot of studies on pathological changes in the nervous system in gad mice, whereas little is known about the testis in gad mutant mice except for their fertility. We assume that some disorders might also be induced in the testis where cells rapidly proliferate and differentiate, contrary to the brain. In the present study, we investigated histopathological changes and the roles of Uch-L1 in the testis of gad mice.
Materials and Methods

Animals:
Male homozygous (gad/gad), heterozygous (gad/+), and wild type mice were supplied by the National Institute of Neuroscience, National Center of Neurology and Psychiatry, Japan. Each group consisted of 8 mice and they were sampled at 12 and 25 weeks of age.
Histological preparation: All mice were sacrificed by transcardic perfusion with Bouin's solution after anesthesia by means of diethyl ether. For paraffin sections, tissues were fixed with Bouin's solution overnight. The specimens were dehydrated through graded concentrations of alcohol, embedded in paraffin blocks and sectioned at 4 µm thickness.
Morphological observation:
The sections were stained with hematoxylin and eosin (HE) and examined with a light microscope. To compare the diameters of seminiferous tubules, we measured them using the median cross section of each testis.
Immunohistochemistry: Immunohistochemistry of Uch-L1, PCNA (proliferating cell nuclear antigen) was performed by a method previously described. Serial sections were treated with absolute methanol containing 3% H 2 O 2 for 30 min to block endogenous peroxidase activity and incubated with blocking solution (5% skim milk), then reacted with primary antibodies diluted in PBS containing 1% BSA at 4°C overnight. For PCNA stain, the sections were boiled at 100°C for 5 min in a solution of 10 mM citrate buffer, pH 6.0, for antigen retrieval. Primary antibodies used were rabbit antibody to Uch-L1 (1:8000, Ultraclone) and mouse monoclonal antibody to PCNA (1:100, PC10, Dako). Then, the sections were incubated with biotin conjugated anti-rabbit IgG for Uch-L1 and anti-mouse IgG for PCNA diluted 1:200 in PBS for 1 h, followed by streptABComplex-HRP (Dako) for 1 h at room temperature. They were developed by 3,3'-diaminobenzidine (DAB) and counterstained with hematoxylin.
In situ TUNEL: Histological detection of DNA fragmentation in testes was performed by the TUNEL method using an Apop Tag-peroxidase kit (Intergen). Briefly, after treatment with proteinase K (20 µg/ml) for digestion of nuclear proteins for 10 min and hydrogen peroxide (3%) for inactivating endogenous peroxidase for 5 min, sections were incubated in TdT buffer in a humidified chamber at 37°C for 1 h. Digoxigenin-dUTP end-labeled DNA was detected with anti-digoxigenin-peroxidase antibody, followed by staining with 0.05% DAB with 0.02% H 2 O 2 . Sections were counterstained with hematoxylin. Two hundred or more intact seminiferous tubule cross sections were examined and the percentage of TUNEL-positive tubules in the seminiferous tubules, the number of TUNEL-positive cells in the positive tubules, and the frequencies of positive tubules classified by the number of TUNELpositive cells were calculated [8] .
Analysis of Uch-L1 protein by Western-blot:
Each sample was adjusted to 20 µg protein/10 µl and loaded onto SDS-PAGE with 18% acrylamide gel. The separated proteins in the gel were transferred and blotted on to polyvinylidene fluoride membranes (Immobilon P, Millipore, Bedford, MA). After blocking with 5% skim milk in 20 mM PBS (pH 7.0) and 0.1% Tween-20, the membranes were incubated with primary antibody to Uch-L1(1:3000, Ultraclone) and then incubated with anti-rabbit IgG-HRP (1:4,000, Jackson Lab, West Grove, PA). Immunoreactions were visualized by enhanced chemiluminescence (ECL, Amersham, UK).
Analysis of Uch-L1 mRNA by RT-PCR:
Total RNA from the testes was isolated using the Trizol reagent (Gibco BRL). Reverse transcription was performed with 1 µg total RNA at 42°C for 60 min using the RT-PCR system. The following PCR primers were used: forward, 5-CCGTCCTGAAACATTTCTG-3; reverse, 5-AGCTGCTTTGC AGAGAGCCA-3. The sample was amplified using AmpliTag Gold GeneAmp System (Perkin Elmer Japan) with 30 cycles consisting of denaturation at 94°C for 30 s, and primer annealing at 55°C for 30 s followed by extension at 72°C for 1 min. The RT-PCR products were separated on 1.5% agarose gels.
Semi-quantitative RT-PCR analysis:
The normalized value against the GAPDH mRNA level was used to estimate the relative expression levels of the Uch-L3, Uch-L4 and Uch-L5 mRNA expression levels in homozygous, heterozygous and wild type mice. The p r i m e r p a i r s ,
( f o r w a r d , 5 -GGTCCAGGACTCCAGACTTGAA-3; reverse, 5-CCCTCTCTTAACCCGTCTAGTT-3) and GAPDH (forward, 5-ACCACCATGGAGAAGGCTGG-3; reverse, 5-CTCAGTGTAGCCCAGGATGC-3) were used for RT-PCR. Each sample was amplified for Uch-L3, L4, L5 and GAPDH mRNA using AmpliTag Gold GeneAmp System (Perkin Elmer Japan) with 26, 32, 26 and 24 cycles, respectively, consisting of denaturation at 94°C for 30 s, and primer annealing at 55°C, 55°C, 55°C and 60°C, respectively, for 30 s followed by extension at 72°C for 1 min.
Statistical analysis: Statistical analysis was carried out by means of Student's t-test.
Results
Morphological observations of testes in gad mice
We carefully observed the sections stained with HE, and found normal spermatogenesis in the testes of both Uch-L1 deficient gad and wild type mice (Fig. 1) . However, the weight of testes and the size of seminiferous tubules in 25 week-old homozygous gad mice tended to be slightly decreased compared to those of agematched heterozygous and wild type mice (Table 1) . For example, the sizes of seminiferous tubules of 25 week-old homozygous gad and wild type mice were 215.4 ± 25.7 µm and 280.3 ± 31.5 µm, respectively. Also, the cell size in the seminiferous tubules of 25-week-old homozygous gad mice was slightly bigger than that of age-matched wild type mice, but the number of spermatogonia and primary spermatocytes in the seminiferous tubules in 25 week-old homozygous gad mice tended to be smaller (Fig. 1, Table 2 ). There were no morphological changes in the testes of 12 weekold homozygous gad, age-matched heterozygous and wild type mice.
Immunohistochemical observation
In the testes of wild type and heterozygous mice, Uch-L1 immunoreactivity was detected homogenously Values are mean ± SD. a) One hundred or more round shape seminiferous tubule cross sections were counted. in the cytoplasm in both spermatogonia and Sertoli cells (Fig. 2) . In the stage showing elongated spermatid maturation, a positive reaction was not detected around pachytene spermatocytes and round spermatids. A positive reaction was very rarely detected in Leydig cells. Uch-L1 immunoreactivity in heterozygous mice tended to be slightly weaker than in wild type mice (data not shown). Uch-L1 positive cells were not observed in homozygous gad mice such as in the brain as Saigoh et al. [16] reported. PCNA-positive cells were present in the basal region of seminiferous tubules. The label was confined to the nucleus (Fig. 3) . The labeled testicular cells were spermatogonia and primary spermatocytes. In individual seminiferous tubules the labeled cells were confined to one type (only spermatogonia) or two types (spermatogonia and spermatocytes). The labeling indices gous mice, we identified both products (Fig. 5b) .
Semi-quantitative RT-PCR analysis of other Uch isozymes
Semi-quantitative RT-PCR analysis showed that the level of Uch-L3, Uch-L4 and Uch-L5 mRNA expression in homozygous gad mice, heterozygous and wild type mice were not apparently different (Fig. 6a) . As shown in Fig. 6b , semi-quantitative RNA expression of each mRNA corrected by GAPDH mRNA level was standard, and compared with the mRNA expression of wild type mice was 1.0. The result suggests that the levels of Uch-L3, Uch-L4 and Uch-L5 mRNA expreswere calculated on the base of the two types of PCNApositive cells ( Table 2 ). The percentage of PCNA-positive spermatogonia and primary spermatocytes in the seminiferous tubules of 25-week-old homozygous gad mice was significantly (p<0.05) reduced, compared with those of 25-week-old heterozygous and wild type mice. However, there were no significant differences in the percentage of PCNApositive cells in the seminiferous tubules between 12-week-old homozygous gad mice and age-matched heterozygous or wild type mice.
TUNEL-positive cells were localized to the basal region of seminiferous tubules suggesting that apoptosis mainly occurred in the spermatogonia and primary spermatocytes (Fig. 4) . In the testes of 25-week-old homozygous gad mice, apoptotic cells were detected frequently in stage XII seminiferous tubules as reported by Kon et al. [8] . The results of the histoplanimetrical analysis of TUNEL-positive cells are shown in Table  3 . In the testes of 25-week-old homozygous gad mice, the percentage of seminiferous tubules containing TUNEL-positive cells, the average TUNEL-positive cell number in positive seminiferous tubules and the frequency of positive tubules classified by the number of TUNEL-positive cells were higher than those in agematched heterozygous and wild type mice.
Analysis of Uch-L1 by Western-blot and RT-PCR
By Western-blot analysis, Uch-L1 protein was not detected in the testes of gad mice [16] . We identified a single band with molecular mass of 28 kD in the testes of wild type mice and heterozygous mice (Fig. 5a) .
By RT-PCR analysis, as expected, we identified two PCR products of different sizes (335 bp and 209 bp) in the testes of wild type mice and gad mice, as in the brain as reported by Saigoh et al. [16] . In heterozy- Value is mean ± SD.
sion were not modified in 12-and 25-week-old homozygous gad mice and heterozygous mice.
Discussion
The ubiquitin pathway of protein degradation is es- sential for eukaryotes and the system involves cellular machinery maintained by protein metabolism. Uch-L1 is one of UCH isozymes essential for maintaining the ubiquitin pathway which releases ubiquitin from its binding proteins [20] . Uch-L1 expression is restricted to all neurons as well as the testis [21] , however, the study of Uch-L1 has mainly focused on neurological and pathological disorders in the nervous system. This work is first to report on pathological changes in the testis of Uch-L1 deficient gad mutant mice. The decrease of PCNA-positive cells was only observed in the homozygous gad mice at 25 weeks of age. We propose that the dysfunction of Uch-L1 in spermatogonia and Sertoli cell underlies this pathological change. Interestingly, the localization of Uch-L1 and nuclear expression of PCNA was overlap in the testis. In the present study, we demonstrated that Uch-L1 was localized in the cytoplasm of spermatogonia and it was closely associated with the proliferative activity of the cells. Schlatt et al. [17] proposed that localization of PCNA may help the study of the proliferative activity of testicular renewing stem cells by histological approaches, such as the analysis of PCNApositive spermatogonia in whole tubule mounts. In the present study, we showed that the percentage of PCNApositive cells was decreased significantly in the testes of 25-week-old homozygous gad mice. This result might correspond to the significant decrease in the size of seminiferous tubules and the number of cells in the seminiferous tubules in 25-week-old homozygous gad mice lacking Uch-L1 enzyme. However, there were no particular pathological changes in 12-week-old homozygous gad mice, suggesting a relatively late onset of the Uch-L1 deficient effect in the testis.
We assumed that these pathological changes were developed progressively by dysfunction of Uch-L1 in the spermatogonia and Sertoli cells. The deficiency of Uch-L1 may obstruct the reuse of free ubiquitin, and result in the deleterious accumulation of improperly deubiquitinated products. This dysfunction may affect the hydrolysis of unknown substrates, which might cause an accumulation of abnormal protein [22] . Recently, Bence et al. [1] found that protein aggregation directly impaired the function of the ubiquitin pathway.
In spermatogonia making new germ cells by active mitosis, stage-independent expression of Uch-L1 was detected. Ubiquitination is thought to play a key role in protein degradation, mitotic cycles and DNA repair [19] . Actually, in spermatogenesis there might be a special requirement for certain components of the ubiquitin pathway, as shown by the male sterility that is associated with the inactivation of the hHR6B ubiquitin-conjugating DNA repair enzyme in mice [15] . The ubiquitin pathway in spermatogonia minimizes DNA damage when spermatogonia are exposed to stress [18] . However, if the ubiquitin pathway became overloaded or disabled in spermatogonia with dysfunction of Uch-L1, proliferation of the spermatogonial stem cell would decrease progressively. This would correlate with the significant decrease of PCNA-positive cells in the spermatogonia of 25-week-old homozygous gad mice, but not of 12-week-old.
Uch-L1 immunoreactivity was predominantly seen in the Sertoli cell. Uch-L1 in Sertoli cells also played an important role in degradation of abnormal proteins. In the Sertoli cells, staining of Uch-L1 was slightly different in the stage of seminiferous tubules with the distribution of germ cells [7] . This result suggests that the function of Sertoli cells with respect to their stimulation for cell proliferation is stage-specific [11] . The Sertoli cells, which serve maturing germ cells, play an important role in proteolytic metabolism during normal spermatogenesis, digesting phagocytized apoptotic cells as well as necrotic cells via the lysosomal pathway [8] . Germ cell deletion in the normal testis may promote cell proliferation by feedback regulation resulting in an optimal germ cell to Sertoli cell ratio [6] . Through dysfunction of Uch-L1, the ubiquitin pathway might become progressively disabled in the Sertoli cells which were maintaining spermatogonia and scavenging apoptotic cells. This also might correlate with the increase of TUNEL-positive cells seen in 25-week-old homozygous gad mice. Apoptosis was individually observed on less than 10% seminiferous tubules in the normal testis by the TUNEL method [8, 23] . In this study in 25-week-old homozygous gad mice, seminiferous tubules with TUNEL-positive cells were over 19%. Progressive decrease of function of Uch-L1 in the ubiquitin pathway in spermatogonia and Sertoli cells might have a cumulative effect on these cells and with aging induce pathological changes in only 25-week-old homozygous gad mice.
To assess if other Uch isozymes expression was influenced by the deficiency of Uch-L1 in the testes of homozygous gad mice, semi-quantitative RT-PCR analysis was conducted. The result showed that the levels of Uch-L3, L4 and L5 mRNA expression in homozygous gad mice were not significantly different from heterozygous and wild type mice. These results suggest the possibility that each Uch isozyme has an independent function, and Uch-L3, L4 and L5 isozymes are independent of the Uch-L1 pathway.
